This paper describes a research of a shape optimization study to maximize a range of a guided missile with canards and tailfins. To design a guided missile for the maximum range, a shape optimization system is incorporated with a trajectory analysis and an optimization technique. In the trajectory analysis part, a component build-up method is directly connected to the equation of motion to calculate aerodynamic coefficients at every time step. In the optimization part, real coded adaptive range genetic algorithm was adopted to find out an optimum shape of the global maximum range. The shape optimization system of a guided missile for the maximum range can maximize the range of a guided missile and yield the optimum shape of canards and tailfins. The analysis results confirmed that the optimum shape thus derived extended the range of the base shape by 5.8% for the unguided case and by 21.4% for the guided case. 
I. Introduction
he typical conceptual design process for a guided missile begins, as shown in Fig. 1 , with the establishment of the mission requirements, after which the missile's baseline design is proposed in light of the given design specifications. The baseline, once decided, is conveyed to the various subsystems, including aerodynamics, structure, propulsion, control, and operating environment, in order to analyze its satisfaction of the design requirements for each area. If the analysis results do not satisfy all of the mission and design requirements, the baseline design and the various subsystems are modified and the cycle is repeated until a design that meets the required performance parameters is obtained. The latter is then subjected to additional analysis and evaluation to assess its merits and constraints, before the design is finalized. 1, 2 This series of iterative steps is repeated for each subsystem. Thus, the entire process takes considerable time and cost.
To make the abovementioned iterative process more efficient, research is actively being conducted on possible optimization methods for each area involved in missile design. [3] [4] [5] [6] [7] Unfortunately, ground-to-ground missiles and other guided projectiles are subject to aerodynamic issues such as rapid changes in the Mach and Reynolds numbers after launching, which makes global optimization difficult. As a result, research is being restricted largely to local, rather than global, optimization for a particular Mach number or set of conditions, with the relevant aerodynamic issues simplified accordingly. Therefore, the current study focused on global range maximization for a guided missile from an aerodynamic standpoint, with a view to effectively reducing the time and cost required in the conceptual design of such projectile weaponry.
Using aerodynamic analysis software employing the component build-up method 8 , a flight trajectory analysis program was developed that does not require the generation of an aerodynamic database reflecting changes to the missile's external shape. The trajectory analysis program and a selected optimization method were interlinked to develop a global range maximization program for a guided missile. This program was then used to derive the optimum shape that would maximize the range of the guided missile. The researched procedure was successful in dramatically reducing the time and cost required for the iterative design process. This study addressed the issue of global shape optimization for maximizing the range of short-range ground-toground missiles, such as the U.S. Army's M270 Guided Multiple Launch Rocket System (GMLRS). As shown in Fig. 2 , a ground-to-ground missile such as the M270 engages in unguided ballistic flight during the climb phase to extend its range; then, once attaining its highest point, it begins gliding using pitch-up guidance and control in order to maximize its range. In order to extend the range of such a projectile, it is thus necessary to minimize drag during the climb to increase the maximum speed at the point of highest altitude (apogee), and maximize the lift/drag ratio during descent to maximize the gliding distance, as expressed in Eq. (1).
II. Range Maximization System
Gliding distance (X) = Gliding altitude (h) × Glide ratio ( / )
To achieve the range maximization described above, the component build-up aerodynamic analysis software Missile DATCOM 9,10 was used to design a flight trajectory analysis program. This program was then linked with a real-coded adaptive range genetic algorithm (ARGA), a known method for global optimization, to develop a shape optimization system capable of global range maximization. Figure 3 represents the coordinate system used to design the equation of motion in this study. If all the forces operating on the projectile and all the moments operating on its center of gravity are derived via Newton's Second Law on a body fixed coordinate system, they can be expressed as shown in Eqs. (2) and (3) below:
A. Flight Trajectory Analysis Program 1) Equation of Motion
Respectively, , , stand for velocity in the directions of axes X, Y, and Z, while , , stand for angular velocity in the directions of axes X, Y, and Z. and denote the aerodynamic force and the aerodynamic moment. and represent the force and the moment produced by thrust. If the relation between the angular velocities and the Euler angles are derived on the body fixed coordinate system, they can be expressed as in Eq. (4) below:
In this equation, , , denote the Euler angles in the directions of axes X, Y, and Z, respectively. Since the purpose of this study was to maximize range through shape optimization, Y-axis force and X, Z-axis moments were not taken into consideration. In addition, the study posited that the guided missile in question was symmetrical with respect to the X and Y axes, and that thrust was parallel to the X axis. It was also presumed that no thrust misalignment existed. The associated values are as follows:
, , , , , , , 0
When applied to Eqs. (1), (2), and (3), these values can be expressed as given in Eq. (5) below:
Rearranging these equations in relation to , , , and yields the following:
A flight trajectory analysis code was developed using Eq. (6) above. The angle of attack (α) was calculated as presented in Eq. (7) using the velocities W and U derived from the equation of motion. The aerodynamic force and moment operating on the missile body were calculated by Missile DATCOM. (7) During pitch-up guided flight, a stability augmentation system (SAS) was added to increase dynamic stability.
2) Aerodynamic Calculation
Commonly-used aerodynamic analysis methods include wind tunnel testing, computational fluid dynamics, theoretical analysis, and semi-empirical methods combining theory and empirical formulae. To optimize the missile shape for range maximization, the results of the aerodynamic calculation must be supplied to the equation of motion on an hourly basis in order to calculate range. Also, for shape optimization, an aerodynamic calculation and flight trajectory analysis must be carried out for arbitrary shapes, necessitating a lengthy time commitment. Therefore, among the analysis methods available, the semi-empirical method, which offers high accuracy in relation to time, was selected and component build-up was chosen as the specific method of analysis.
The component build-up method is used predominantly for semi-empirical analyses. An aerodynamic analysis of each part is carried out first, and then the interference effect for each part is added to perform an aerodynamic analysis of the entire shape. Thus, this method can be applied not only to aerodynamic analyses of the various constituent parts but also to the analysis of the whole. It also offers the added advantage of yielding relatively fast and accurate results. By directly linking the component build-up analysis software and the equation of motion, a flight trajectory analysis program that does not require the generation of an aerodynamic database reflecting changes to the missile's external shape was developed.
B. Optimization Method
Among the various existing optimization methods, the real-coded adaptive range genetic algorithm (ARGA) was selected, because it enables global optimization and is more effective than traditional genetic algorithms (GA). 11 The basic concept of ARGAs, which were first proposed by Arakawa and Hagiwara 12 , consists in using a normal distribution to adapt the population to the range of possibility during optimization. This method runs counter to the probabilistic mechanism of genetic algorithms, and also eliminates the pre-defined boundary conditions, because its design variables follow a normal distribution. These drawbacks were redressed in the alternative proposed by Oyama, Obayashi, and Nakamura, known as the real-coded genetic algorithm. 13 This modified method still uses a normal distribution to select the population for the next generation, with the exception that it also uses the integral of the normal distribution function corresponding to a randomly generated number. This differentiates the real-coded method from binary-coded adaptive range genetic algorithms, for which the next generation is set at regular intervals in the normal distribution. The real-coded method also coincides with the probabilistic methodology of existing genetic algorithms. Thus, it offers the dual advantages of a reduced search range and the use of a probabilistic method.
Figure 4. Flow diagram for a real-coded genetic algorithm
The order of the real-coded ARGA used in this study is as shown in Fig. 4 . At every Nth generation, the next generation is created by using the average and standard deviation to determine a new range. The remainder of the procedure is identical to the existing GA method. The letter N denotes the value defined by the user to form an adaptive range from among the overall number of generations. Hence, if N is 3, the adaptive range is formed from the 3rd, 6th, 9th, etc. generations. For this real-coded ARGA, random numbers are generated to form the succeeding generations using a probabilistic method.
In this study, the real-coded ARGA proposed by Oyama, Obayashi, and Nakamura was used to develop the optimization code, which was then linked to the flight trajectory analysis program to build the global range maximization system for a guided missile.
C. Range Maximization System for a Guided Missile
Using the abovementioned trajectory analysis program and the optimization method based on real-coded ARGA, a shape optimization system for a guided missile was developed, as shown in Fig. 5 . Once the design variables and design range have been set, design points are selected from the real-coded ARGA and conveyed to the flight trajectory analysis program. At this point, the trajectory analysis program generates input for the conveyed design points to analyze the flight trajectory, and conveys the corresponding range back to the ARGA. Based on the computed range, the real-coded ARGA constitutes the next-generation design points for range maximization, and repeats the abovementioned steps. The guided missile's optimum shape is derived through this iterative process. 
III. Case Study
In this study, the developed system was used to maximize the range of a canard guided missile, illustrated in Fig.  7 .
14 Range maximization was performed both for unguided flight and for guided flight starting from the apogee point. The base model used for range maximization in this study consisted of a 4:1 tangent ogive nose attached to a cylindrical body, with trapezoidal canards and rectangular tailfins. The body measured 22.49 cm in diameter and 390.13 cm in length. The canards and tailfins were arranged in a and + form, respectively, as shown in Fig. 6 . The total weight was 308 kg, the weight after combustion was 191 kg, the thrust was 62275 kg·m/s 2 for 4.5 seconds of combustion, and I was 382 kg·m 2 . The launch angle was 45˚. All four canards were used during the pitch-up guidance and control phase, with a maximum deflection angle of 15˚. For this base model, the unguided range was calculated at 44.67 km, and the guided range was calculated at 59.8 km.
A. Formulation of the Optimization Problem
Objective function: Range maximization Design variables: Shape variables for canards and tailfins Constraint: Static Margin 0.5
As seen in Fig. 7 , an optimization problem was formulated for a canard guided missile, and shape optimization was performed to maximize the missile's range. The objective function was range maximization, and the design variables were six external shape variables decisive in shaping the canards and tailfins, i.e. the root chord, tip chord, and span for the two canards and two tailfins. The area and sweep-back angle for the canards and tailfins were determined by a combination of several variables. The ranges for these variables are shown in Fig. 8 and Table 1 . The canard was designed to be symmetrical about the actuator axis in order to minimize the hinge moment operating on the actuator. For the tailfin, the design range was set to maximize the vertical-axis stability while reducing the area. Also, the design range for the variables was arranged such that a case would not occur wherein the tip chord of the canard and tailfin became longer than the root chord, resulting in a sweep-forward angle. The constraint involved was to secure the vertical axis stability. Therefore, to maintain the static margin (SM) during the flight, the static margin was set to be equal to or above 0.5 (SM ≥ 0.5). Accordingly, when optimization using the real-coded ARGA resulted in a static margin that is less than 0.5 (SM < 0.5), a penalty function was applied as follows:
F signifies the fitness of the ith design, f x the objective function value of the ith design, and P x the penalty function for the ith design. In this equation, P x is a constraining function; when there is a sufficient static margin, P x equals 0, but if there is no static margin, the value of P x is substantially greater than the objective function value. In this manner, the fitness value was designed to be reduced if the individual design in question exceeded the given constraints, thus lessening the probability of it being included in the next generation. For the process of shape optimization, the number of generations was set at 100, and the population per generation was set at 20.
B. Range Maximization for Unguided Flight
Range maximization for unguided flight involves maximizing the missile's ground-to-ground flight distance from the firing point to the landing point when there is no guidance and control during the flight. Accordingly, to achieve maximum range for unguided flight, the projectile must be designed to minimize drag during all its flight, in other words, the canard and tailfin must be shaped in a way that minimizes drag throughout the flight. Therefore, the optimum shape for unguided flight will likely be one that has the smallest possible area and a sweep-back angle that minimizes wave drag. Table 2 shows the optimum shape for unguided range maximization derived in this study. As expected, the canard assumed a shape that minimizes drag, while the tailfin took a shape that minimizes drag while maintaining the required static margin. This new shape extended the range of the base shape by approximately 5.83%. Figure 8 shows that the change in range converges around the 50th generation. 
C. Range Maximization for Guided Flight
Range maximization for guided flight is the maximization of the distance from the projectile's launch point, past the apogee point in the projectile's trajectory, when it begins its canard pitch-up guided glide, to the point where it finally reaches the ground. Thus, the optimum shape will minimize drag during the climb while maximizing the lift/drag ratio during descent. Table 3 shows the optimum shape for guided range maximization in this study. The derived shape reduced wave drag during the climb phase, while increasing the area of the canard to enhance its control performance and thus enlarge the trim angle of attack during the glide phase. The tailfin was also shaped to reduce wave drag during the climb phase and increase the lift/drag ratio during the glide phase by enlarging the effective area. The new shape extended the range of the base shape by approximately 21.4%. Figure 9 , which tracks the change in range for each successive generation, shows that the range converges around the 30th generation. 
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IV. Conclusion
Research was conducted on shape optimization for achieving maximum range in regard to ground-to-ground missiles, such as the U.S. Army's M270 Multiple Launch Rocket System. First, a component build-up aerodynamic analysis method was used to develop a flight trajectory analysis program that does not require the generation of an aerodynamic database reflecting changes to the missile's external shape. The flight trajectory analysis program was then linked with an optimization method to develop a global range maximization system for a guided missile. The optimization system used a real-coded adaptive range genetic algorithm, which is appropriate for finding global optima as well as being more effective than the traditional genetic algorithm. Using the range optimization system for a guided missile developed in this study, shape optimization was performed for both unguided and guided flight. The results showed that the optimum shape extended the range of the base shape by 5.8 % during unguided flight and by 21.4% during guided flight.
The range maximization system for a guided missile developed in this study does not require the generation of an aerodynamic database. Therefore, it is expected to prove useful in optimizing shape for the initial conceptual design and range extension of a guided missile. In the future, shape optimization using additional structural constraints such as canard bending and hinge moment will be undertaken, and research will be conducted on making the system more effective by reducing analysis time via parallelization of the ARGA.
